In order to decrease the dispersion of the silicon vertical slot waveguide, we propose a multilayered hybrid silicon vertical waveguide structure. This multilayered waveguide is formed by three low-refractive-index regions interleaved with two narrow silicon rails. Simulation shows that the optical field in the central low-index region is enhanced. After optimization, the dispersion of the waveguide can be limited within ±300 ps/nm/km from 1450 to 1950 nm. This multilayered waveguide has potential in on-chip nonlinear optical applications, such as in all-optical signal processing.
Introduction
Silicon photonics has been an important branch in modern optics. Due to its compact size and rich nonlinear optical properties, silicon waveguides are promising in on-chip optical signal transmission and optical signal processing. One main problem in the application of silicon waveguides was its relatively large waveguide dispersion, which induces optical pulse broadening in signal transmission and phase-mismatch in nonlinear parametric processes. Conventionally, highly efficient four-wave mixing occurs in a waveguide with anomalous dispersion. Although the material dispersion of crystalline silicon is large and a normal dispersion [D = −880 ps/(nm · km) [1] ], it can be compensated by the structural dispersion through optimization of waveguide structure parameters. For silicon strip waveguides, broad-band anomalous dispersion has been realized [2] , [3] and optical parametric gain has been experimentally demonstrated [4] .
Silicon slot waveguide was proposed in 2004 [5] and broadly investigated in the last decade [6] - [13] . Combining high quality nonlinear cladding material with silicon slot waveguide, the hybrid slot waveguide has a potential in on-chip all-optical signal processing [14] - [16] . Many researches focus on the dispersion engineering of silicon slot waveguides. Some of them have achieved anomalous dispersion in a broad wavelength. Most of the works are based on a horizontal slot waveguide structure, that is, the sidewalls of the slot are horizontal to the surface of silicon-oninsulator substrate [17] - [19] .
For a vertical slot waveguide, it is considered to be less suitable to realize nonlinear interaction because it is difficult to tailor anomalous dispersion [20] , [21] . In, [22] , the dispersion of a silicon vertical slot waveguide surrounded by SiO 2 cladding is optimized. The optimized waveguide has a zero dispersion wavelength (ZDW) in 1550 nm. The dispersion is about 1250 ps/nm/km in 1300 nm and 800 ps/nm/km in 1800 nm. In [23] , an ultrabroadband flat dispersion in a dual-slot silicon waveguide is obtained. However, in this waveguide, silicon is in the middle of the waveguide. The two-photon absorption (TPA) and free-carriers absorption (FCA) in silicon cannot be reduced in dual-slot silicon waveguide.
Recently, the dispersion engineering of horizontal multilayer silicon waveguide [24] and bilayer silicon waveguide [25] have been investigated. These two works both discussed the influence of the refractive index of the low-index material on the dispersion. Their structures are not a traditional slot waveguide because the main optical field is centered at the silicon region.
In this paper, we propose a novel multilayered silicon vertical slot waveguide structure to achieve broadband anomalous dispersion in telecommunication optical wavelength and longer wavelength. By choosing appropriate low index material, the hybrid silicon slot waveguide can have a zero-groupvelocity dispersion wavelength in telecommunication optical wavelength. A significant feature of this multilayered waveguide is that it contains a large portion of the optical energy in the low-index slot and cladding region, and the silicon rails in this waveguide are narrower than those in the traditional silicon vertical slot waveguides. It is beneficial in reducing the TPA and FCA in the silicon layer. It is promising to use this waveguide in on-chip nonlinear applications.
Waveguide Structure
Before designing the waveguide structure, we first look at the dispersion behaviors of a silicon channel waveguide and a silicon slot waveguide. The dispersions of both waveguides have been investigated by previous works. Group velocity dispersion of the guided mode is given by
It is known that silicon has a large and normal dispersion near 1550 nm. Fortunately, silicon waveguide has a strong confinement of light, which induces large structural dispersion. By optimizing structural parameters of the waveguide, the structural dispersion can be anomalous dispersion and can compensate the material dispersion, thus obtaining anomalous waveguide dispersion in desired wavelengths.
We use FDTD software (Lumerical) to simulate the waveguide dispersion. The material dispersions of silicon and SiO 2 are taken into consideration, in the form of Sellmeier Equation [1] , [26] . Fig. 1 shows the dispersion of the TE mode of a channel waveguide. The simulation result of a 212 nm × 425 nm waveguide is the same as that in [2] (D is about −160 ps/nm/km in 1550 nm), showing the correctness of our simulation. Fig. 1 shows that the dispersion of the channel waveguide can be tuned to anomalous dispersion by increasing the cross-sectional size of the waveguide. Fig. 2 is the dispersion curve for the quasi TE mode of a standard vertical slot waveguide. Compared Fig. 2 to Fig. 1 , it can be found that inserting a 100-nm gap in the middle of the channel waveguide changes the waveguide dispersion dramatically. The vertical slot waveguide has a large and normal dispersion over the calculated wavelength from 1640 to 1850 nm. No zero-dispersionwavelength (ZDW) is found. This phenomenon can be explained by the fact that the existence of the air slot breaks the continuity of the electric field component E x of the quasi TE mode.
In order to decrease the normal dispersion of the vertical slot waveguide, three ways are demonstrated. i) Design a waveguide with larger cross section [4] . ii) Reduce the refractive index contrast between the silicon and slot region. iii) Reduce the width of the slot to the extent that its influence on the dispersion of the original channel waveguide can be negligible, e.g., 40-60 nm [22] . In conclu- sion, all of these three ways share the commonality that they make the refractive index distribution of the waveguide more like a whole "block" other than a multilayer structure.
Herein, based on the design guidelines given above, we propose a multilayered hybrid silicon vertical waveguide. The waveguide structure is shown in Fig. 3 with the waveguide geometry parameters denoted. The proposed waveguide has a smaller W Si and a larger W slot than the silicon vertical slot waveguide, which is an excellent feature to suppress the TPA and FCA in silicon [27] , [28] .
Set W = 700 nm, h = 500 nm, W Si = 100 nm and W slot = 200 nm, the refractive index of the low-index material n l = 2.4. We simulate the optical mode of the waveguide in 1550 nm, as Fig. 4 . The electric field in the low index region is enhanced by a factor of (n Si /n l ) 2 for the fundamental quasi TE mode. This factor is referred as field discontinuity factor (FDF) in [24] . The FDF is 2.07 for n l = 2.4.The effective index n eff is 2.20. 
Waveguide Dispersion Optimization
Next we optimize the dispersion of the multilayered waveguide. To do this we temporarily ignore the material dispersion of the low index material. The preliminary simulation results can help decide the low index material according to the refractive index and provide an initial waveguide dimension for further optimization. After taking the material dispersion of the low-index material into account, the dispersion value might be slightly changed, but we can modify the waveguide dimension to tailor the dispersion again. This "re-engineering" method is adopted in [24] .
The dispersion curve for n l = 2.4 is shown by the second line from the top in Fig. 5 . The waveguide has anomalous dispersion from 1450 to 1850 nm. From Fig. 5 , we can also see that when n is varied from 2.0 to 2.5, the dispersion curve moves upwards and the ZDW moves to shorter wavelength.
The properties data of the hybrid waveguides with different n are listed in Table 1 . We can choose the low-index material according to this chart. For example, n l = 2.4 correspondents to a nonlinear material As 2 S 3 [24] , [29] , [30] . In the following simulation, we will take into material dispersion of As 2 S 3 into account, using the form of Sellmeier's formula
where A 1 and A 2 are Sellmeier's coefficients. For unexposed As 2 S 3 , A 1 = 4.24, and A 2 = 257.58 nm [31] . Fig. 6 shows the dispersion changes according to different W. When the waveguide width W is varied from 700 to 620 nm, the ZDW is moved to shorter wavelength. Fig . 7 shows the dispersion changes according to different h. When the waveguide height h is varied from 340 to 540 nm, the dispersion curve is moved upwards and has a smaller curvature.
The dispersion curve for various W Si is depicted in Fig. 8 . The figure shows that the waveguide dispersion is sensitive to W Si . For W Si = 80 and 90 nm, the multilayer waveguide remains in anomalous dispersion region for the whole calculation wavelength from 1450 to 1850 nm.
The width of the slot also has an influence on the waveguide dispersion. From Fig. 9 , We can see that, maintaining W = 700 nm and W Si = 100 nm, when W slot is varied from 240 to 160 nm, the zero dispersion wavelength moves towards shorter wavelength. In conclusion, the dispersion of quasi TE mode of the hybrid waveguide is sensitive to W and W Si , influenced by W slot . The zero dispersion wavelength moves to shorter wavelength when W Si becomes smaller. The waveguide height h so has influence on the dispersion of quasi TE mode of the hybrid waveguide.
Finally, we optimize a multilayered waveguide to have a low dispersion in a broad wavelength range. The dispersion of the waveguide is between ±300 ps/nm/km over a 500 nm band width from 1450 nm to 1950 nm, as shown in Fig. 10. 
Conclusion
In this paper, we propose a multilayered hybrid silicon vertical waveguide, to overcome the large normal dispersion of the standard silicon vertical slot waveguide. By proper designs, the dispersion of waveguide can be contained within the range of ±300 ps/nm/km in 1450-1950 nm. This kind of waveguide contains the main part of the optical mode in the low-index region. The multilayered waveguide is likely to be used as a nonlinear optical waveguide, and find its applications in on-chip all optical signal processing. What's more, this multilayered waveguide provides additional flexibility in tailoring the dispersion.
